ABSTRACT We propose a novel cross bowtie antenna using phase-shift lines to realize circular polarization (CP) in the infrared (IR) spectrum. The CP antenna consists of a vertical, a horizontal antenna, and two elliptical loops connecting adjacent tips of the antennas to create a 90 • phase shift. The phase-shift lines are conceived to realize a single terminal of the antenna where a detecting material can be mounted and enable the detecting material to fully utilize the field enhancement from the antenna. In full-wave simulations, a nanometer-scale low-bandgap semiconductor, i.e., indium gallium arsenide antimonide (InGaAsSb) capable of detecting IR wave is loaded at the antenna terminal and the antenna structure is designed to achieve CP absorption at 180 THz. The antenna includes a transmission line-based impedance matching structure to compensate for the reactance of the InGaAsSb semiconductor load. To verify the CP detection of the antenna near 180 THz, we numerically show a higher field enhancement value and absorption rate in the antenna terminal in a specific CP case when the antenna is illuminated with incident waves with various polarization states. Also, we design 2 × 1 and 2 × 2 antenna arrays using the CP antennas connected with metallic traces and show that the CP absorption at 180 THz is maintained. Finally, an illustration of a focal plane array based on the proposed CP cross bowtie antennas coupled with the InGaAsSb for a full Stokes polarimeter is presented.
I. INTRODUCTION
Imaging polarimetry can measure the polarization state of a field emitted from a scene, as well as the intensity and color that can be detected by traditional infrared (IR) imagers. Polarization information associated with the vector characteristics of light waves can represent the surface roughness, shape, and shading of a target material, which are not related to the intensity or color [1] , [2] . Specifically, IR polarimeters are suitable for target identification and use in biomedical imaging as well as material science, for which analysis of the morphology of biological tissues and specimen is required [3] - [5] . The reason is that the IR waves have micron-sized wavelengths and show higher penetration depths in materials than the visible light.
The polarization state of an arbitrarily polarized wave can be represented by the Stokes vector, which is consisted of The associate editor coordinating the review of this manuscript and approving it for publication was Mingchun Tang. S 0 , S 1 , S 2 , and S 3 . S 0 , S 1 , and S 2 can be calculated from linearly polarized components of the electric field, but S 3 can be achieved from circularly polarized (CP) components of the electric field [1] . In the visible to IR spectrum, wire grid polarizers are commonly used to transmit a specific linear polarization and this structure was utilized for achieving parts of the Stokes vector (S 0 , S 1 , and S 2 ) [6] - [8] . However, it has been challenging to realize a full Stokes polarimeter which can characterize the fourth element (S 3 ) of the Stokes vector due to difficulty in achieving a planar-type CP polarizer. A CP polarizer can be made by combining a linear polarizer with quarter-wave plates made up of birefringent crystals. However, this structure requires additional components to the imager and fabrication of the birefringent quarter-wave plates with a nanometer-scale is also challenging [9] , [10] . For ease of fabrication, liquid crystal polymers where their polarization can be controlled by using the ultraviolet illumination was introduced [9] . With the liquid crystal polymer, polarizing focal plane arrays were constructed and the arrays were VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ placed on top of image sensors to form full Stokes imaging polarimeters in the visible to IR range [3] , [11] - [15] . Also, engineered birefringent materials such as sub-wavelength dielectrics or metal grating structures have been studied for realizing CP-sensitive devices [10] , [16] - [22] . Recently, various antenna elements in the form of cross dipole [23] - [26] , double dipole [27] , V-, and L-type antennas [28] , [29] , patch antenna [30] , and cross aperture [31] were introduced for converting linearly polarized incident waves into either reflected or transmitted CP waves in the IR range. In Ref. [20] , a cross dipole antenna structure was illuminated with a CP wave and the enhanced field near the feed gap was reported [23] . To be used for a polarimeter, this structure requires a separate detector such as a spectrometer or a sensor because the antenna was not integrated with any detector material. The antennas coupled with detecting materials such as bolometers, Schottky diodes, and metal-insulator-metal (MIM) diodes are mainly investigated for CP-blind IR detectors [32] - [37] . Although most of the antenna structures are based on the traditional dipole antenna which is sensitive to linearly polarized waves, CP-sensitive spiral antennas coupled with a bolometer were fabricated and studied in the IR regime [32] , [33] . Spiral antennas are broadband; however, their major drawbacks, for the application at hand, are their relatively large dimensions and difficulties in making arrays of them.
In this paper, we introduce a new type of the cross bowtie antenna for CP wave detection in the IR spectrum and its array designs for a focal plane array which can be used for a full Stokes polarimeter. Instead of using four separate antenna arms of the optical cross dipole antenna [23] - [26] , the proposed antenna utilizes two elliptical loops which connect adjacent tips of a vertical and a horizontal antenna. The elliptical loops are used to provide a 90 • phase shift between vertically and horizontally polarized electric fields for CP operation of the antenna and realize a single terminal of the antenna. Thus, when an active material is placed in the terminal, the field enhancement near the antenna terminal due to the plasmonic effect can be utilized efficiently [34] . Different from the reported cross dipole antennas [23] - [26] , the proposed antenna can be fed by a voltage gap source in the single terminal so that the critical parameter for the antenna design in optical frequencies, the antenna input impedance, can be calculated [38] , [39] .
The metallic antenna in the optical domain is known as a device which can concentrate the incident wave into a sub-wavelength in a nanometer-scale [34] ; thus the single terminal is designed to be in such a small scale and this size determines the dimension of active material for IR detection. Throughout this paper, the dimension of the semiconductor material is fixed with 30 nm × 30 nm × 30 nm and one of the low bandgap semiconductors, Indium Gallium Arsenide Antimonide (InGaAsSb) is chosen as a detecting material due to its high quantum efficiency in the IR spectrum [40] . The center of the frequency band for the CP operation of the antenna is chosen with 180 THz, where the maximum quantum efficiency of the InGaAsSb occurs [40] .
In the antenna design procedure, a vertically polarized bowtie antenna is presented firstly as a fundamental element of the CP bowtie antenna. Then, we show the geometry of a cross bowtie antenna for CP detection at 180 THz. Here, the antenna structures are not loaded with the InGaAsSb material yet and its loading effect will be considered later. To determine the antenna dimensions for efficient CP wave detection at 180 THz, we calculate the radiated field and the input impedance of the antenna by feeding the antenna (in radiation mode) with a voltage gap source in the terminal and the resonant frequency is determined [38] , [39] , [41] . This antenna design method rests upon the reciprocity; the designed antenna for CP wave radiation at the desired band (180 THz) is equivalently functional for receiving the CP wave at the same band.
As a final step of the antenna design, the InGaAsSb material is loaded at the single terminal of the cross bowtie antenna to realize an IR CP detector. In full-wave simulations, the antenna load is modeled with dielectric constant and conductivity values of the InGaAsSb from 100 THz to 300 THz [40] . However, one issue is that the loading effect of the InGaAsSb with high dielectric constants (∼16) significantly lowers the resonant frequency of the antenna and perturbs the CP detection at 180 THz. Thus, an antenna impedance matching structure using transmission stub lines is connected to the antenna terminal so that the reactance of the load can be canceled effectively [41] . The overall structure is determined to maintain the CP property of the fields in the load at 180 THz when the antenna is illuminated with two perpendicularly polarized incident waves, separately. For verification of CP detection from the InGaAsSb-coupled cross bowtie antenna, the field enhancement and the absorption rate in the antenna terminal are calculated when the antenna is illuminated with incident waves with various polarization states.
Finally, the InGaAsSb-coupled cross bowtie antennas are configured as antenna arrays where the ends of adjacent bowtie antennas are connected using thin metallic traces. Because the proposed antenna does not require additional sensors due to the integration with the InGaAsSb, an array of the antennas can be directly utilized for a focal plane array of a full Stokes polarimeter. In the simulation, the CP performance and field enhancement value from the single antenna are maintained in the 2 × 1 and 2 × 2 arrays and an illustration of a focal plane array is presented. Also, it is worth to note that this proposed design method for the cross bowtie antenna with CP detection can be applied to any arbitrary semiconductor material and desired optical frequencies.
II. ANTENNA DESIGN PROCEDURE
A. VERTICALLY POLARIZED BOWTIE ANTENNA As a first step for designing a CP cross bowtie antenna, a vertically polarized bowtie antenna without being loaded with the InGaAsSb block is designed as shown in Fig. 1 . The two bowtie shapes of the antenna are placed at one plane and two arms of the antenna structure are extended such that one of them covers the other arm along the load area with 30 nm × 30 nm. Thus, the overlapped area can accommodate a nanometer-sized semiconductor load and enhanced field from the antenna is applied to the semiconductor efficiently. Similar structures, where silicon dioxide or indium gallium arsenide phosphide (InGaAsP), is sandwiched between two metallic arms of the antenna were reported and fabricated using electron beam lithography [37] , [42] .
Here, the bowtie antenna is loaded with a void (vacuum) instead of the InGaAsSb load at the terminal because the semiconductor load complicates the antenna design procedure by reducing the resonant frequency of the antenna. All the metallic parts of the antenna structure are modeled by the Drude formula of gold in the IR spectrum [43] and a dimension of a vacuum block loaded at the terminal of the antenna is set to be 30 nm × 30 nm × 30 nm. High-frequency structure simulator (HFSS) using finite element method (FEM) is used for all the modeling and mesh sizes less than 5 nm are used for the antenna structures. The intrinsic input impedance of the bowtie antenna is calculated by de-embedding the capacitance of the vacuum block (30 nm × 30 nm × 30 nm) from the simulated input impedance of the antenna loaded with the vacuum [38] , [41] . The input impedance of the antenna is calculated by using a voltage gap source located at the antenna terminal and the capacitance of the vacuum block is achieved from a separate simulation to consider the fringing effect, accurately. Fig. 1 shows the tapered bowtie antenna with L = 505 nm, W = 150 nm, H = l = 30 nm, and T = 10 nm. Also, the bowtie shape is tapered to prevent antenna performance degradation when the ends of the antenna are connected by thin metallic traces to construct a focal plane array. Fig. 2 shows the input impedance of the vertically polarized tapered-bowtie antenna loaded with the vacuum and the intrinsic input impedance where the capacitance of the vacuum is de-embedded. The solid line for the intrinsic input impedance of the antenna shows the parallel resonance at 180 THz and the resistance is ∼2.84 k . The antenna dimensions which have high resistance at the parallel resonance (180 THz) are chosen to obtain input impedance matching with the high resistive InGaAsSb block for maximizing power transfer [41] . The high resistance of the InGaAsSb load comes from its low conductivity and small cross section.
B. CIRCULARLY POLARIZED BOWTIE ANTENNA WITH VACUUM LOAD
Based on the vertically polarized bowtie antenna, a cross bowtie antenna loaded with the vacuum for CP radiation at 180 THz is designed as shown in Fig. 3 . The cross bowtie antenna consists of a vertical, a horizontal tapered-bowtie antenna and two ellipses for creating 90 • phase shift. The ellipses in the first and third quadrants or the second and fourth quadrants generate right-handed CP (RHCP) or lefthanded CP (LHCP) radiation in the boresight of the antenna, respectively. Thus, the antenna structure in Fig. 3 is designed for RHCP. To determine the CP operation in the antenna boresight at 180 THz, we load the vacuum at the antenna terminal firstly and tune the lengths of the horizontal bowtie antenna and the ellipses for the phase shift. In the antenna optimization procedure, the radiated electric field in the farfield region is calculated by applying a gap source in the antenna terminal. For accurate calculations of the radiated field components in the far-field, perfectly matched layer (PML) boundary conditions are used. Firstly, 90 • phase shift between θ and φ components of the radiated electric field (E θ and E φ ) in the boresight is realized when the length of the horizontal bowtie antenna (W) is 460 nm which is shorter than 505 nm of the length of the vertical bowtie (L). This case still does not fulfill the condition for the same magnitude of E θ and E φ in the boresight. Thus, the vertical bowtie antenna's length (L) is shortened to 480 nm, and then the same magnitude of E θ and E φ in the boresight is realized. In the optimum design shown in Fig. 3 , the length of the horizontal bowtie antenna (W) is maintained as 460 nm, and the major and minor axes of the ellipses are 100 nm and 30 nm, respectively. Fig. 4 shows the degree of CP using S 3 
in the boresight of the cross-tapered bowtie antenna loaded with the vacuum after optimization and the perfect CP radiation (S 3 / I =∼1) is shown at 180 THz.
Also, the input impedance of the cross-tapered bowtie antenna loaded with the vacuum and the intrinsic input impedance of the antenna is simulated and shown in Fig. 5 . One thing to note is that the parallel resonance of the intrinsic input impedance of the antenna occurs near 170 THz whereas the second series resonance occurs near 180 THz. It means that the CP radiation occurs in the series resonance mode instead of the parallel resonance mode. This series resonance mode supports the highest current near the terminal and the ellipses, which can increase the metallic loss from the antenna. In fact, simulations show that the radiation efficiency of the antenna at 180 THz is rather low (value is about 8.5%). Here, the radiation efficiency is calculated with a ratio between the accepted power and the radiated power when the antenna is fed by a voltage gap source. In addition, due to the low resistance of the series resonance at 180 THz, we can expect that the impedance matching between the antenna and the load cannot be realized at the CP radiation mode when the antenna is loaded with the highly resistive InGaAsSb block. This impedance mismatch may cause a lower field enhancement in the terminal at the CP mode compared to that at the parallel resonance mode. To overcome this issue, we will introduce an impedance matching structure in the next chapter.
C. CIRCULARLY POLARIZED BOWTIE ANTENNA WITH InGaAsSb LOAD As a final step, the cross bowtie antenna is loaded with the InGaAsSb block and its loading effect at the terminal of the antenna is considered. This loading effect complicates the antenna tuning procedure used for achieving the CP property and high field enhancement from the IR antenna because the high capacitance of the InGaAsSb block significantly lowers the resonant frequency of the antenna. Thus, an impedance matching method to compensate for the capacitance of the InGaAsSb load at the resonant frequency should be applied to the CP antenna design procedure. To cancel the high capacitance of the InGaAsSb at 180 THz, we connect two shunt and open-ended inductive transmission lines on the upper plate of the antenna terminal symmetrically, as shown in Fig. 6 . Previously, the transmission line structures were used for linearly polarized antennas in the IR spectrum to improve input impedance matching, but the connection to the antenna terminal was not symmetrical [41] , [44] . However, the proposed CP antenna should utilize the symmetrical transmission lines not to perturb the CP radiation at 180 THz. In the simulation, the length of the transmission line stub (S) is varied from 0 nm to 300 nm with a 100 nm step to observe the CP property of the antenna at 180 THz. For the calculation of the degree of CP, the antenna is illuminated with vertically and horizontally polarized plane waves at normal incidence and the electric field components normal to the surface inside the antenna terminal (E x ) for both incident wave polarizations are calculated. For the accurate nearfield calculation, mesh sizes less than 3 nm are used inside the InGaAsSb block. Fig. 7 shows the degree of CP values using S 3 
for all the different stub lengths. Here, E x(V) and E x(H) mean the x components of the electric fields at the center of the InGaAsSb load with the vertically and horizontally polarized wave illumination, respectively. Also, the magnitude of the E x for S = 30 nm and 200 nm for the vertical polarization incidence is included in Fig. 7 . Here, the method using the induced fields in the load for determining the CP property of the antenna in the optical regime is a correct way, which is different from a method that uses the scattered field in the far-field region when the antenna is illuminated by only one linearly polarized incident wave [27] . The reason is that scattered field from the nanoantenna structure can distort its polarization property which should be determined using the radiated field obtained from reflection due to load mismatch.
From Fig. 7 , we can observe that without the transmission line stub (S = 30 nm), the degree of CP is near unity at 180 THz, but the field magnitude is lower than the value for S = 200 nm. The lower field magnitude for S = 30 nm case is due to the impedance mismatch between the antenna and the InGaAsSb block. In the case of S = 200 nm, the field enhancement value is higher than the value for S = 30 nm and the degree of CP is unity near 180 THz. Thus, we expect that the perfect CP and high field enhancement can be simultaneously achieved when S is near 200 nm. Based on this length for S, the dimensions (L, W) of the vertical and horizontal bowtie antennas and the length of the transmission lines (S) are tuned slightly for the perfect CP and high field enhancement at 180 THz. Finally, when the dimensions of the antenna are S = 210 nm, L = 470 nm, and W = 450 nm, almost perfect CP feature (S 3 / I = ∼0.99) and a high field enhancement value (E x =∼4.5) at 180 THz are achieved as shown in Fig. 8 . The high field magnitude is realized by canceling the capacitance of the InGaAsSb with the inductance of the transmission line stub connected to the antenna terminal at 180 THz [41] . The final dimensions for Fig. 8 should be correct for the perfect CP detection at 180 THz, which are different from those obtained using the method described in [45] because the CP antenna presented in [45] is designed based on the scattered field. In addition, the fractional bandwidth with the degree of CP larger than 0.5 is 6.94%. This bandwidth, which is wider than 6.2 % from the similar antenna topology operating at 2.58 GHz, results from a low Q factor due to the high metallic loss in the IR range [46] .
III. FIELD ENHANCEMENT AND ABSORPTION RATE
For verification of the sensitivity of the cross bowtie antenna structure from the incident CP radiation, the field enhancements in the terminal of the antenna for different polarization states (e.g., vertically polarized, RHCP, and LHCP) of the incident wave are simulated as shown in Fig. 9 . Here, the field enhancement is defined as the total electric field intensity in the center of the InGaAsSb load divided by the intensity of the incident wave (1 V/m). Because the antenna has the ellipses in the first and third quadrants, we expect that the highest field enhancement from RHCP radiation at 180 THz. In the simulation, when the RHCP wave impinges on the antenna at normal incidence, a highest field enhancement factor of 6.5 is achieved compared to the values of 0.7 and 4.4 for the LHCP and vertical polarization cases at 180 THz. In addition, the absorption rate, defined as a ratio between the power delivered to the InGaAsSb block and the accepted power to VOLUME 7, 2019 the antenna, is calculated depending on the polarization states of the incident waves. Compared to 3.71% absorption rate at 180 THz for the vertical polarization case, a significantly higher absorption rate of 25.88% is achieved for the RHCP case, which is much higher than the efficiencies (8.58% ∼ 13.7%) from a spiral-shaped structure which guides the CP incident wave to a central aperture [16] . These results demonstrate that the designed cross-tapered bowtie antenna coupled with the InGaAsSb is capable of efficiently sensing the RHCP feature of the incident wave near 180 THz.
In Fig. 9 , it should be also noted that the maximum field enhancement occurs at ∼165 THz for all polarization states of the incident wave. This phenomenon is due to the high input resistance of the cross bowtie antenna near 165 THz and this frequency is similar to the parallel resonant frequency of the intrinsic input impedance of the vacuum-loaded antenna shown in Fig. 3 . This finding indicates that the intrinsic resonance of the antenna is maintained even if the InGaAsSb block is loaded and confirms that the capacitance of the InGaAsSb block is effectively compensated for by the inductance of the open-ended transmission lines.
Another interpretation from Fig. 9 is that the field enhancement at 180 THz, where the CP absorption occurs, is lower than the value at 165 THz. This mismatch between frequencies for the CP radiation/absorption and the maximum field enhancement was observed in another CP cross dipole antenna operating in the IR spectrum [24] . By analyzing the intrinsic input impedance of the antenna calculated from the voltage gap source, we can understand that this discrepancy is caused by the resonance mode difference of the CP antenna. That is, the series and parallel resonance are related to the CP radiation/absorption and the maximum field enhancement, respectively. The current distribution required for CP radiation/absorption corresponds to a series resonance which supports the maximum displacement current in the antenna load. However, the maximum field intensity is attributed to the high resistance nature of the parallel resonance of the antenna. Although the highest field enhancement does not occur at the CP operation frequency, the InGaAsSb-coupled cross bowtie antenna can be used to construct a focal plane array for polarimetry because it is capable of achieving a higher field enhancement value and absorption rate in response to a particular CP incident wave near 180 THz.
IV. FOCAL PLANE ARRAY FOR POLARIMETRY
To utilize the CP cross bowtie antenna coupled with the InGaAsSb for IR polarimetry, we design the antenna array structures and use metallic traces for interconnection. For detector applications, metallic traces should be connected to the antennas in the array to collect the current generated by each antenna's load when IR incident waves are illuminated. A method of constructing the antenna array for a bolometerbased IR detector was realized by connecting metallic traces to the ends of the bowtie antennas [47] . In the structure reported in [47] , the lengths of the metallic traces were not varied to reduce interference between antenna elements. In this study, two antenna array structures are designed in a similar way using metallic traces and the trace lengths are optimized not to disturb the current distribution of each antenna element. To be used as an IR polarimeter, the antenna array should maintain the CP detection capability at the desired band. Therefore, the antenna array is designed to satisfy the unity degree of CP at 180 THz by adjusting the lengths of the metal traces. In addition, by calculating the surface current distribution of the antennas and the metallic traces and the field enhancement of each antenna element with the vertically polarized wave illumination, we demonstrate that each antenna in the antenna arrays does not interfere with each other and maintains the performance of the single antenna. Fig. 10 shows two cross bowtie antennas connected in series and both ends of the antenna are connected by using a 340 nm-long and 30 nm-wide metallic trace. In this case, a standing wave is formed on the trace and current nulls are maintained at the ends of the antennas; thus, the current distribution on the antennas is not affected. Fig. 11 also FIGURE 11 . The geometry of the 2 × 2 cross bowtie antenna array and surface current distribution (tangential magnetic field) on the surface of the antennas with the vertically polarized wave illumination.
shows a 2 × 2 cross bowtie antenna array where a pair of the antenna arrays from Fig. 10 is connected in parallel. The horizontal metallic traces for the parallel connection are tuned to 680 nm. This length also minimizes the current at the ends of the antennas and the corners of the metallic traces; thus, unnecessary radiation is reduced. After determining the lengths of the metallic traces, the antenna element itself has to be tuned slightly to maintain the unity degree of CP calculated from the near-fields in the load. This tuning is required because the metallic traces are also sensitive to the incident waves which are polarized along the traces. As a result, the 2 × 1 array with slightly shorter dimensions with L = 460 nm and W = 440 nm and the 2 × 2 array with the same L and W but with a shorter elliptical line whose major axis is 90 nm instead of 100 nm provide almost the perfect CP at 180 THz while maintaining field enhancement values near ∼4.5 for each antenna's load as shown in Fig. 12 . For brevity, the averaged field enhancement values in all the InGaAsSb loads inside the antenna arrays are used. Lastly, it should be noted that an array of CP antennas of any number can be constructed using the lengths of the optimized metallic traces found from the 2 × 1 and 2 × 2 CP antenna arrays.
Finally, to be used as a polarimeter, a focal plane array based on the proposed antenna arrays is introduced. Previously, full Stokes polarimeters were realized using linear and circular polarizers combined with a polarization-blind sensor [3] , [9] , [11] - [15] . Here, a focal plane array using semiconductor-coupled antenna arrays for CP and linear polarization detection is proposed as a new type of a full Stokes polarimeter. Specifically, the array consists of vertical, horizontal and 45 • -tilted bowtie antennas to obtain S 0 , S 1 , and S 2 of the Stokes vector and the CP bowtie antennas to obtain the other S 3 . Fig. 13 shows an illustration of a focal plane array where four antenna elements for each polarization are configured as an array and four polarization-dependent antenna arrays are combined. Here, the linearly polarized antenna used in the focal plane array is from the structure in Fig. 1 . Then, the antenna is loaded with the InGaAsSb block at the terminal and the open-ended transmission lines are used for the impedance matching. The similar array configuration for the linearly polarized bowtie antennas was reported previously [41] .
Different from the existing full-Stokes polarimeters using external sensors, the proposed focal plane array can detect the polarization component of the incident wave directly by measuring the amount of current generated in the semiconductor loaded at each antenna. The metallic traces connected to the antennas of each array are used to collect DC current from each semiconductor load. From Fig. 13 , it can be seen that the pixel size which represents the device size capable of measuring all the polarization components is within 4.0 µm×5.2 µm by setting the distance between polarization-dependent arrays to 360 nm. To verify the functionality of the focal plane array from Fig. 13 , the surface current distribution on the surface of the array with a vertically polarized wave at normal incidence is calculated and shown in Fig. 14 . From this calculation, we can observe that current nulls at the edges of the metallic traces are maintained and surface current of the four different arrays is properly distributed according to the polarization state of the incident wave, for example, high current values near the loads from the vertically polarized and the RHCP array, medium current levels from the 45 • -tilted array, and negligible current levels from the horizontally polarized array. For low coupling among the array elements, the distance between arrays can be increased up to the halfwavelength (∼833 nm) of 180 THz. This condition leads to a dimension of the pixel within 6 µm × 6 µm which is still smaller than a pixel size of 7.4 µm × 7.4 µm from the full Stokes polarimeters using liquid crystal polymer-based micro-polarizers [3] , [13] , [14] . In addition, these conventional polarimeters require quarter-wave thick wave-plates, but the proposed antenna-based focal plane array requires only nanometer-sized semiconductor blocks. Due to the small size of the active material used in the antenna array, noise current can be reduced and the sensitivity of the polarimeter can also be improved. Therefore, a focal plane array based on the linearly polarized antennas and the proposed CP antennas capable of measuring the full Stokes vector of the IR incident wave can be used as a high-resolution and sensitive IR polarimeter.
V. CONCLUSION
In conclusion, we have presented a cross-tapered bowtie antenna composed of a vertical, a horizontal antenna, and two elliptical loops for CP detection in the IR spectrum. By connecting adjacent tips of the perpendicular antennas for a 90 • phase shift, the loops realize a single terminal of the cross antenna where a detecting material can be mounted and thus the field enhancement from the antenna can be fully utilized. In full-wave simulations, a low-bandgap semiconductor, i.e., InGaAsSb, is mounted at the antenna terminal and the cross bowtie antenna is designed to absorb CP at the desired frequency (180 THz) where the maximum quantum efficiency of the InGaAsSb material is shown. The reactance of the InGaAsSb material which lowers the resonant frequency of the antenna is compensated for by using extra open-ended transmission lines connected to the terminal of the antenna. The final InGaAsSb-coupled CP antenna shows ∼6.5 of the field enhancement value and 25.88% of the absorption rate in the antenna terminal at 180 THz when a RHCP wave is incident; these values are higher than those for incident waves with different polarization states. This higher field enhancement and absorption of the antenna with the CP incident wave prove that the cross bowtie antenna coupled with the InGaAsSb can be utilized for a CP detector in the IR spectrum. Also, 2 × 1 and 2 × 2 arrays, where the CP cross bowtie antennas are connected with metallic traces, are designed and the numerical simulation shows that the unity degrees of CP from the arrays are maintained at 180 THz. As a focal plane array to be used for a full Stokes polarimeter, 2×2 arrays made up of the vertical, horizontal, 45 • -tilted bowtie antennas, and the CP cross bowtie antennas are arranged with 360 nm distance and this array provides a pixel size near 4.0 µm × 5.2 µm. This pixel is smaller than a pixel (7.4 µm × 7.4 µm) from the full Stokes polarimeters using the liquid crystal polymer-based micro-polarizers. Therefore, the proposed focal plane array based on the InGaAsSbcoupled CP antennas can be a viable solution for highresolution and sensitive full Stokes IR polarimeter. He has published many book chapters and more than 290 articles in refereed journals on miniaturized and on-chip antennas, meta-materials, electromagnetic scattering, wireless channel modeling, random media modeling, microwave measurement techniques, radar calibration, inverse scattering problems, and microwave sensors. He has also had more than 690 articles and invited presentations in many national and international conferences and symposia on similar subjects. Over the past 30 years, his research has been focused on applied electromagnetics and has made significant contributions to science and technology of microwave and millimeterwave radar remote sensing, antennas, communication channel modeling, microwave sensors, and radar systems. 
